Microfold (M) cells are a kind of intestinal epithelial cell in the follicle-associated epithelium (FAE) of Peyer's patches. They can transport antigens and microorganisms to lymphoid tissues. Bovine spongiform encephalopathy (BSE) is a fatal neurodegenerative disorder in cattle. It is linked to variant Creutzfeldt-Jakob disease in humans. Although it is thought that M cells transport the BSE agent, the exact mechanism by which it crosses the intestinal barrier is not clear. We have bovine intestinal epithelial cell line (BIE cells), which can differentiate into the M cell type in vitro after stimulation, and which is able to transport the BSE agent. We show here that M cells are able to incorporate large numbers of PrP coated magnetic particles into intracellular vesicles, which we collected. The results of 2-DE show a specific protein associated with the PrP-coated particles, compared with non-coated particles. This protein was identified as aldolase A, a glycolytic pathway enzyme, using LC-MS/MS analysis. Aldolase A was synthesized and secreted by BIE cells, and increased during M cell differentiation. In the villi of the bovine intestine, aldolase A was detected on the surface of the epithelium and in the mucus droplet of goblet cells. In the FAE of bovine jejunal and ileal Peyer's patches, aldolase A was localized on the surface and the apical part of the M cells 
Introduction
The mucosal surface of the gastrointestinal tract is continuously exposed to large numbers of commensal microorganisms and sporadically to pathogens. The gastrointestinal epithelium is covered by a protective mucus gel composed predominantly of mucin glycoproteins that are synthesized and secreted by goblet cells [1] [2] . Furthermore, there is a special immune system against pathogens and invasion of antigens in the gut-associated lymphoid tissue (GALT) [3] [4] . GALT is composed of lymphoid follicles along the length of the gastrointestinal tract. Most of the lymphoid follicles are isolated from each other; however, in the jejunum and ileum, they form lymphoid aggregates, known as Peyer's patches [5] - [8] . Peyer's patches are distributed along the small intestine, they play a very important role in GALT. Peyer's patches represent the primary site in the intestine for the uptake and presentation to the immune system of ingested pathogenic microorganisms and viruses, in several species such as sheep [9] , cattle [10] , pigs [11] and dogs [12] . In cattle, there are two types of Peyer's patches in the small intestine which differ in development, location, structure and function: one type in the jejunum has discrete patches and a second type in the ileum is long and continuous [10] .
Microfold (M) cells are a kind of intestinal epithelial cell in the follicle-associated epithelium (FAE) of Peyer's patches. In general, M cells have a characteristic morphology different from the absorptive epithelium. Typically, M cells are characterized by a lack of almost all microvilli. In addition, the basement membrane of M cells forms a pocket structure that is deeply recessed, and they have a close connection with dendritic cells and lymphocytes [13] [14] . M cells can transport antigens and microorganisms using transport vesicles into underlying lymphoid tissues [15] [16] , which contain all of the necessary lymphoid cells for the induction and regulation of antigen-specific IgA responses [17] [18] . In this way, antigen-presenting cells in the mucosal immune system encounter a variety of antigens that enter the body through M cells. The mechanisms of transcytosis in M cells remain unclear, however, despite the important role of M cells in mucosal defense.
Transmissible spongiform encephalopathies (TSE) or prion diseases, including human Creutzfeldt-Jakob disease (CJD) and endemic sheep scrapie, are fatal neurodegenerative disorders. Bovine spongiform encephalopathy (BSE) is a TSE of cattle. The first case of BSE in the world was found in the United Kingdom in 1986. By the end of 2000, more than 180,000 cases had been reported in the UK. BSE spread to continental Europe, North America, and Japan [19] . In the case of BSE in cattle, infection occurred through feeding concentrates with meat and bone meal derived from TSE infected sheep and cattle [20] . BSE became a major public health concern when evidence linked it to variant Creutzfeldt-Jakob disease (vCJD) in humans. Likewise, the transmission of vCJD to humans is likely to have occurred following the consumption of BSE-contaminated food [19] [21] . Replication of the infectious BSE agent depends critically on the host prion protein (PrP c ), which accumulates as an abnormal, detergent insoluble, relatively proteinase-resistant isoform, (PrP res ) in diseased tissues [22] . Although some studies have revealed that PrP res does not correlate with infectivity levels in animal tissues as well as in subcellular fractions [23] [24] , PrP res is a useful surrogate marker for TSE infection.
Studies have shown that PrP
Sc first have to cross M cells [25] - [27] . Our laboratory recently established that orally delivered PrP Sc were incorporated by M cells promptly, and then CD11b-and CD14-positive macrophages act as a transporter of incorporated PrP
Sc from the Peyer's patches to other lymphoid tissues and the peripheral nervous system in the PrP knockout mice [25] . However, due to the difficulty of the research methods, the study of PrP Sc invasion mechanism through M cells is still unclear. We recently established a bovine intestinal epithelial cell line (BIE cells) that could differentiate into the M cell type in vitro after lymphocytic stimulation [28] and the possibility was shown that BIE cells were able to deliver TSE agents, such as the murineadapted BSE agent [29] . Thus, our laboratory has shown that in vitro M cell-differentiated BIE cells actively transcytose the BSE agent through to the basolateral side of the epithelial layer, and that prions are translocated across the FAE by M cells of PrP knockout mice. In this study, we investigated the PrP-binding proteins from vesicles of M cell-differentiated BIE cells by proteomic analysis. Then, we described the PrP binding of aldolase A, which is synthesized and secreted in bovine M cells. Our findings accordingly elucidate the mechanism of uptake of PrP Sc in intestinal M cells.
Materials and Methods

Animals and Tissue Preparation
The duodenum, jejunum, ileum and colon were obtained from 6, 8 and 10-wk-old male Holstein calves (Miyagi Agriculture Public Corporation, Sendai, Japan). All animals were clinically healthy and free of infectious diseases. All experiments were permitted by the Tohoku University Environmental & Safety Committee and conducted in accordance with the Guidelines for Animals Experimentation of Tohoku University, which have been sanctioned by the relevant committee of the Government of Japan based on the Declaration of Helsinki.
Primary Antibodies
Goat polyclonal anti-aldolase A antibody (LSB-1461, LSBio, Seattle, WA, diluted to 1:1000) was used for the immunohistochemistry, Western blot analysis, far-Western blot analysis and ELISA. Rabbit polyclonal anti-lysosome-associated membrane protein-1 (LAMP1), as a endosomal marker, antibody (ab24170, Abcam, Cambridge, UK; diluted to 1:200), rabbit polyclonal anti-mucin core protein 2 (MUC2), as a mucous marker, antibody (ab76774, Abcam, diluted to 1:1000) and mouse monoclonal cytokeratin (CK) 18 antibody, as a marker of bovine intestinal M cell (clone CY90, Sigma, St. Louis, MO, diluted to 1:1000) were used for the immunohistochemistry. The mouse monoclonal anti-His-probe antibody (clone H-3, Santa Cruz, Dallas, Texas, diluted in 1: 300) was used for far-Western blot analysis. The mouse monoclonal anti-PrP antibody (clone 132) [30] was used for the detection of PrP Sc by immunofluorescent staining. A goat IgG antibody (LSBio) was used as an isotype control antibody. Rabbit polyclonal anti-G-3-P dehydrogenase (GAPDH) antibody (ab9485, Abcam, diluted to 1:1000) was used as the internal standard for Western blot analysis.
Production of Recombinant Bovine Prion Protein (rbPrP)
A DNA fragment encoding amino acid residues 25 to 242 of bovine PrP was amplified by PCR from genomic DNA purified from bovine liver using the forward primer containing a NdeI site (5'-TCTAGCTGTCATATGAAGAAGCGACCAAAACCTGG-3') and reverse primer containing a BamHI site (5'-AGCTGTGGATCCTCATCAACTTGCCCCTCGTTGGTAATAAG-3'). The PCR reaction was performed using a high fidelity heat resistant DNA polymerase (KOD, Toyobo, Osaka, Japan) and PCR conditions were 1 cycle of 2 min at 95˚C 10 sec at 58˚C, and 20 sec at 68˚C, and finishing with 2 min incubation at 68˚C. The PCR fragment was cloned into pGEM-T Easy vector (Promega, Madison, WI) and the sequences of the inserts were confirmed by DNA sequencing. The inserts were excised with NdeI and BamHI from the plasmids, and were re-cloned into pET15b (Novagen, Madison, WI) encoding an N-terminal His-probe sequence, at NdeI andBamHI sites. The vectors carrying bovine PrP were transformed into E. coli BL21 (DE3) (Novagen).
The expression was carried out according to the manufacturer's instructions. The collected cells were solubilized in Bug buster (Novagen) containing 200 µg/ml lysozyme and 200 µg/ml DNase and then were centrifuged at 6000 g at 4˚C for 30 min. The pellet was separated into soluble and insoluble fractions by centrifugation at 6000 g at 4˚C for 30 min. The pellet was then solubilized by protein denaturation buffer (pH 8.0; 6 M GuHCl/10 mM Tris-HCl/100 mM sodium phosphate/20 mM imidazole) and then subjected to SDS-PAGE for Coomassie brilliant Blue staining, and Western blot analysis using an anti-PrP monoclonal antibody (clone 6H4, Prionics, Schlieren-Zurich, Switzerland) and anti-His probe monoclonal antibody. Soluble proteins were applied to a Ni-NTA affinity column (Ni-NTA Superflow Cartridges, Qiagen, Hilden, Germany), which was equilibrated by denaturation buffer for 10 min. After the column was washed with protein denaturation buffer for 10 min, soluble proteins were refolded for 22 h by a linear gradient from denaturation buffer to binding buffer (pH 8.0; 10 mM Tris-HCl/100 mM sodium phosphate/20 mM imidazole). Soluble proteins were eluted by elution buffer (pH 5.8; 10 mM Tris-HCl/100 mM sodium phosphate/500 mM Imidazole) and dialyzed to 10 mM sodium phosphate using a dialysis membrane (Eidia, Tokyo, JP). The purity of rbPrP was separated by SDS-PAGE, stained by Coomassie brilliant blue and determined using CS Analyzer software.
Induction of M Cell Differentiation in BIE Cells
The bovine intestinal epithelial cell line (BIE cells) [28] [29] was maintained in Dulbecco's modified Eagle medium (DMEM, GIBCO, Grand Island, NY) containing 10% heat-inactivated fetal bovine serum (FBS, Hananesco Bio, Tokyo, JP), penicillin (GIBCO, 10 U/ml) and streptomycin (10 mg/ml) until it was differentiated into the M cell type and used for the studies described below.
To induce M cell differentiation, BIE cells were seeded onto each well of 12-Transwell inserts (9 × 10 5 cells/ well, 3.0-µm-pore-size Transwell filter polycarbonate membrane; Corning, NY, US) and cultured for 3 days. The cells were treated with or without the IL-2-stimulated PBMC culture supernatant for another 3 days [31] . Transepithelial electrical resistance (TER) was measured by Millicell-ERS (Millipore, Billerica, MA) every day. The unit of measurement was ohms per centimeter squared, and the values were determined by subtracting the blank well TER from the test well TER and dividing this by the surface area of the well. In order to evaluate the effect of aldolase A on the transcytosis activity of BIE and M-BIE cells, BIE and M-BIE cells were pretreated with or without goat anti-aldolase A (diluted to 1:200) or control goat IgG antibody (LSBio, diluted to 1:200) for 2 hours, and 1.35 × 10 8 non-coated (Non) or PrP-coated particles were added to the apical surface of them. After 9 h of incubation, the basal medium of the BIE and M-BIE cells were collected, and the transported particles were quantified using a FACS Calibur flow cytometer (Becton Dickinson, San Jose, CA).
Scanning Electron Microscopy (SEM)
BIE cells were seeded on Transwell-inserts at 9.0 × 10 5 cells/1.12 cm 2 /well and cultured for 3 days. The cells were treated with or without the IL-2-stimulated PBMC culture supernatant for another 3 days. These cells were washed once with 0.1 M phosphate buffer (pH 7.4) and then fixed with 2.5% glutaraldehyde in 0.1 M phosphate buffer (PB) for 1 h. Following three times washing with 0.1 M PB, the cells were dehydrated by passage through graded dilutions of ethanol and substituted with t-butylalcohol. The cells were freeze-dried, coated with platinum-palladium and observed by SEM (SU8000, Hitachi, Tokyo, Japan).
Establishment of BNP (Bovine Neuronal Progenitor) Cells
The caudate nucleus was removed from a cow (8 months old) after slaughter, and transferred to serum-free DMEM supplemented with penicillin (GIBCO, 10 U/ml) and streptomycin (10 mg/ml). The caudate nucleus was cut finely, washed three times with serum-free DMEM, and centrifuged at 200 g for 7 min. The cells were re-suspended in 10% FBS-DMEM and seeded into a flask (Nunc, Rothskilde, Denmark). All cultures were maintained at 37˚C and 5% CO 2 in a humidified incubator. The cells were treated with a EDTA buffer (pH 7.5; 0.36% EDTA, 0.1% BSA in PBS) for a few minutes, detached by 0.04% trypsin/PBS, and then collected and passaged when they reached 70% confluence. The cells in primary culture were transformed by the SV40 large T antigen gene and cloned by limiting dilution, according to the method used for the BIE cell line [28] . Each well of a 96-well plate was microscopically checked for cell growth and monoclonal expansion at 5 days after plating. Using this methodology, 18 clones were established. Wells for which it was certain there was a single colony of rapidly growing cells with neural-like morphology were marked. All cell lines were expressed in Hes1 which is the signal-related factors and related to maintenance of neural stem cells, Nestin which is a marker for neural stem cells, Ptch1 which is the receptor for sonic hedgehog, Fzd4 which is related to Wnt signaling pathway, and Oct4 which is a maker for undifferentiated cells (data not shown). The clone number 3 cell line was used in experiments because it expressed aldolase A strongly (data not shown).
Preparation of PrP Sc from N2aC24 L1-3 Cells
Murine neuroblastoma N2aC24 cells overexpressing mouse PrP c were exposed to the murine-adapted 22 L scrapie prion, and the 22 L prion-infected N2aC24 clone, designed N2aC24L1-3, were obtained by limiting dilution [32] [33] . N2aC24 L1-3 cells were maintained in DMEM containing 10% FBS, penicillin (GIBCO, 10 U/ml) and streptomycin (10 mg/ml). N2aC24L1-3 cells were seeded to 6 × 10 3 cells/cm 2 225 cm 2 flask (BD Falcon™ Cell Culture Flasks, Falcon, Oxnard, CA). After 3 days of culture, the cells were homogenized each ten times in 1 ml of PBS by 21 G, 25 G and 27 G syringe (Terumo, Tokyo, JP).
Proteomic Analysis of PrP Specific Binding Proteins in M-BIE Cells
After M cell differentiation, non-coated or PrP-coated magnetic particles were added to the surface of M-BIE cells. After 9 h of incubation, these cells were homogenized in Tris-Triton X buffer (10 mM Tris-HCl, 150 mM NaCl, 0.5% Triton X-100, 0.2 mM phenylmethylsulfonyl fluoride). The vesicles containing magnetic particles were collected from the lysate of M-BIE cells using the magnetic stand and the membrane proteins were extracted using a Transmembrane protein Extraction Kit (Novagen). The electrophoresis protein samples were diluted 1:9 in sample buffer (40 mM Tris-HCl pH 6.8, 0.25 mM DTT, 7.5 M urea, 2.3% (w/v) SDS), centrifuged at 22,000 g at 4˚C for 30 min, and then the supernatants were collected. The supernatant was diluted 9:1 in 1 M acrylamide (Sigma). The protein samples were separated on agar gels (pH 3 -10, 7.5 cm long, ATTO) using isoelectric point electrophoresis apparatus, (Disc-Run ATTO) at 300 V for 210 min. Each well was loaded with 1.5 mg of total proteins. The agar gels were fixed with 2.5% trichloroacetic acid for 3 min and then washed three times in Milli Q water. Second-dimension electrophoresis was performed on 12.5% polyacrylamide gradient gels in PAGE Run (ATTO). The agar gels were run at 20 mA for 90 min. Proteins were visualized using a Silver Stain Kit (Wako, Osaka, JP). The specific spots in PrP-coated magnetic particles were identified, compared with those in non-coated particles. The protein spots indicated were excised and digested with trypsin overnight at 35˚C and the resulting peptides separated by LC-MS/MS analysis (Japan Proteomics Co, Ltd.; Sendai, JP) ( Table 1) . Data generated were subjected to NCBInr databases searching using as programs MASCOT. In MASCOT program, probability-based MOWSE scores greater than 61 were considered significant (p < 0.05) [34] .
Western Blot Analysis
BIE cells and M-BIE cells were homogenized in Tris-Triton X buffer. The total protein concentration was measured by the Bicinchoninic Acid Protein Assay Kit (Thermo Fisher Scientific, Waltham, MA). The lysates were re-suspended in SDS loading buffer (50 mM Tris-HCl [pH 6.8] containing 5% glycerol, 1.6% SDS, and 100 mM dithiothreitol) and loaded onto a 12% polyacrylamide gel after boiling for 5 min. The proteins were transferred onto an Immobilon-P membrane (Millipore, Billerica, MA) in transfer buffer containing 20% methanol at 1.2 mA/cm 2 for 60 min, and then the membrane was blocked in 3% skim milk in TBST (100 mM Tris-HCl [pH 7.8], 100 mM NaCl, and 0.1% Tween-20) for 1 h at room temperature (RT). After blocking, the membrane was incubated with goat polyclonal anti-aldolase A antibody or rabbit polyclonal anti-GAPDH antibody for 14 h at 4˚C. Following three TBST washing cycles, the blot was incubated with alkaline phosphatase (AP)-conjugated rabbit anti-goat IgG (81-1622, Zymed Labs, CA, USA, diluted in 1:10,000) or AP-conjugated rabbit anti-rabbit IgG (A3687, Sigma, diluted in 1:10,000) as the secondary antibody for 1 h at RT. After three TBST washing cycles, the immunoreactive bands were visualized by an enhanced chemiluminescence system (ECL plus; Amersham Pharmacia Biotech, Piscataway, NJ).The apical and basal media from the Transwell culture of BIE and M-BIE cells were diluted 1:5 in SDS loading buffer. After boiling for 5 min, 15 µl of samples were loaded onto a 12% polyacrylamide gel and transferred onto an Immobilon-P membrane (Millipore) in transfer buffer containing 20% methanol at 1.2 mA/cm 2 for 60 min. The membrane was blocked in3% skim milk in TBST for 1 h at RT. All these proteins were obtained from the single circled spot in Figures 3(A) .
Protein names and accession numbers are given according to National Center of Biotechnology Information, NCBI; c Theoretical isoelectric point (PI) and molecular mass (kDa); d Observed isoelectric point (PI) and molecular mass (kDa); e Number of identified peptide matches; f Probability-based MOWSE scores in MASCOT program greater than 61 were considered significant (p < 0.05).
After blocking, the membrane was incubated with goat anti-aldolase A polyclonal antibody for 14 h at 4˚C. Following three TBST washing cycles, the blot was incubated with HRP-conjugated bovine anti-goat IgG as the secondary antibody (805-005-180, Jackson Immuno Research Europe Ltd., Suffolk, UK) for 1 h at RT. After three TBST washing cycles, immunoreactive bands were visualized by an enhanced chemiluminescence system (EZ-Capture MG, ATTO).
Far-Western Blot Analysis
The lysate of BNP cells was separated by SDS-PAGE and transferred onto an Immobilon-P membrane in transfer buffer containing 20% methanol for 60 min. The lysate was separated by SDS-PAGE and subjected to the Western blot analysis described above. The membrane was blocked in 3% skim milk in TBST for 1 h at RT and the membrane was incubated with or without goat polyclonal anti-aldolase A antibody for 14 h at 4˚C. After the washing three times in TBST, the membrane was incubated with or without 100 µg/mL rbPrP in blocking buffer for 14 h at 4˚C. The membrane was washed three times for 5 min with TBST. The rbPrP-bounding on the membrane was incubated with the mouse monoclonal anti-His-probe antibody in blocking buffer for 1 h at RT. Following three TBST washing cycles, the membrane was incubated with AP-conjugated goat anti-mouse IgG as the secondary antibody (A3562, Sigma, diluted in 1:50,000) for 1 h at RT. After three TBST washing cycles, the immunoreactive bands were visualized by an enhanced chemiluminescence system.
Immunoprecipitation
Protein (40 µl) G-Sepharose 50% solution (GE Healthcare Life Sciences, Uppsala, Sweden) was added to a 40 µl mixture of rbPrP (1 µg) and aldolase from rabbit muscles (1 µg; Sigma), and incubated under rotational agitation at 4˚C for 30 min in Tris-Triton X buffer. The mixture was centrifuged at 9200 g at 4˚C for 1 min. The supernatant was collected. Anti-aldolase A antibody (5 µg) was added to it and incubated under rotational agitation at 4˚C for 30 min by Tris-Triton X buffer. Protein G-Sepharose 50% solution (40 µl) was added to it, then suspended and incubated under rotation at 4˚C for 30 min. Beads were centrifuged at 9200 g at 4˚C for 1 min. The pellet was washed with PBS, incubated in 20 µl of SDS loading buffer at 95˚C for 5 min, and then subjected to the SDS-PAGE analysis.
Enzyme-Linked Immuno Sorbent Assay (ELISA) for Aldolase A-Binding to rbPrP
rbPrP in carbonate-bicarbonate buffer (Sigma) was incubated at 2 µg/ml in 96 well ELISA plates (C96 Maxisorp cert. Nunc-Immuno Plate, Thermo Fisher Scientific, Waltham, MA) for 14 h at 4˚C. After three TBST washing cycles, the wells were incubated with apical and basal media from the Transwell culture of BIE and M-BIE cells for 1 h at RT. After three TBST washing cycles, and the wells were then blocked with 1% BSA for 1 h to prevent nonspecific reactions and then the wells were treated with goat anti-aldolase A antibody for 2 h at RT. Following three TBST washing cycles, the wells were incubated with HRP-conjugated bovine anti-goat IgG as the secondary antibody (805-005-180, Jackson ImmunoResearch Europe Ltd.) for 1 h at RT. The freshly prepared substrate was added and the OD was taken at 450 nm using the TMB microwell peroxidase substrate system (KPL, Gaithersburg, Maryland). Negative control assays were performed without the apical and basal media.
Immunohistochemistry
Tissue samples from 6, 8 or 10-wk-old calves were fixed with 4% paraformaldehyde solution in 0.1 M phosphate buffer (PB) for 24 h at 4˚C. Tissues were dehydrated through a series of graded ethanol solutions and embedded in paraffin. Three serial sections were cut at 4 µm and mounted on glass slides (MAS-coated Superfrost; Matsunami, Osaka, JP). The sections were incubated with 0.05% proteinase (Type XXIV: Bacterial, P8038; Sigma) in Tris-HCl buffer (pH 7.5) for 5 min at 37˚C, and treated with 3% normal chicken serum for 30 min to prevent nonspecific reactions of antibodies. Subsequently, the sections were incubated with goat anti-aldolase A polyclonal antibody at 4˚C overnight. After the section was washed three times with PBS, Alexa Fluor 488 or 594-conjugated chicken anti-goat IgG (Molecular Probes, Leiden, The Netherlands, 1:400) was used as the secondary antibody for 1 h at RT, and then counterstained with 4, 6-diamidino-2-phenylindole (DAPI) and then examined using a confocal laser microscope (LSM7000, Carl Zeiss, Oberkochen, Germany). In order to determine the specificity of the immunostaining, negative controls were run in which the primary antibody was omitted (data not shown). After M cell differentiation, FITC-conjugated particles or PrP Sc of N2aC24 cells were added to the surface of the BIE or M-BIE cells on Transwell inserts. After 9 h incubation, the cells were washed with PBS, fixed in 4% PFA for 30 min at RT, and treated with 3% normal chicken serum for 30 min to prevent nonspecific reactions. Subsequently, the samples were incubated with anti-aldolase A antibody at 4˚C overnight. After three PBS washing cycles, the samples were treated with Alexa Fluor 594-conjugated chicken anti-goat IgG as the secondary antibody for 1 h, counterstained with DAPI for 5 min, and then examined by a confocal laser microscope. For the detection of PrP Sc , the sections were treated with 5 M guanidine hydrochloride (Wako, Osaka, JP) for 10 min at RT and treated with 3% normal chicken serum for 30 min to prevent nonspecific reactions. Subsequently, the samples were incubated with anti-PrP antibody clone 132 (diluted 1:1000) at 4˚C overnight. After three PBS washing cycles, the samples were treated with Alexa Fluor 488-conjugated chicken antigoat IgG as the secondary antibody for 1 h, and then counterstained with DAPI for 5 min, and examined by a confocal laser microscope.
Immunoelectron Microscopy
Bovine ileal tissues were fixed in 4% paraformaldehyde in 0.1 M PB (pH 7.4) for 14 h at 4˚C. The fixed samples were washed three times with PB, dehydrated in a graded ethanol series, infiltrated with LR White (Plano, München, Germany), and sectioned into 60 -80 nm thicknesses by ultramicrotome. The sections were mounted on formvar-coated nickel grids, and subsequently blocked with 1% bovine serum albumin, 3% skim milk and goat serum for 30 min at RT. The grids were then incubated for 14 h with goat anti-aldolase A antibody at a 1:1000 dilution. After washing with PB, the preparations were incubated for 1 h with rabbit anti-goat IgG conjugated to 15 nm gold particles (BBI solution, Cardiff, UK) diluted in 1:200. Sections were washed five times with PB and were fixed with 2.5% glutaraldehyde in 0.1 M PB (pH 7.4) for 10 min and then were washed in distilled water. The sections were examined by TEM (H8100, Hitachi).
Statistical Analysis
The data for the semi-quantitative analysis of protein expression and volume of transported particles are presented as mean ± SD. Student's t-tests were performed to determine if the relative change was statistically significant. A significant difference was determined at p < 0.05.
Results
Recombinant bovine PrP (rbPrP) (aa 23 -242) was expressed in E.coli from the modified pET-15b expression vector. Following purification and refolding in vitro, the recombinant protein was analyzed by Coomassie staining (Figure 1(A) ) and Western blotting with 6H4 anti-PrP antibody (Figure 1(B) ) or anti-His-probe antibody (Figure 1(C) ). The protein had a molecular mass of approximately 26 kDa. After the refolding using a Ni-NTA The bovine prion protein was expressed in E. coli BL21 and then solubilized by protein denaturation buffer (a). The protein was applied to a Ni-NTA affinity column and eluted by elution buffer (b). The eluted protein was dialyzed to 10 mM sodium phosphate (c).
affinity column, the soluble protein was detected as a single band at 26 kDa with Coomassie staining. The purity of rbPrP stained by Coomassie staining and Western blotting was estimated to be approximately 57% before the refolding, 92% after the refolding, and 97% after the dialysis using a CS Analyzer. Initially, we confirmed the TER of BIE cell and M cell differentiated cells (M-BIE cells) cultured on Transwell-inserts. TER is widely used to describe the permeable properties of tight junctions between epithelial cells [35] . After 4 days of culture, these cells had already reached plateau of a maximally high TER value (Figure  2(A) ). We successfully induced BIE cells to differentiate into the M cell type, monitored by determining the active transportation of PrP-coated particles or non-coated particles into the basal compartment. After 9 h of incubation of the particles, we detected a large number of particles in the basal medium of M-BIE cells (Figure  2(B) ). Moreover, M-BIE cells transported PrP-coated particles to a greater extent than non-coated particles. In contrast, we detected few particles in the basal medium of BIE cells. SEM analysis revealed that the monocultured BIE cells for 6 days developed some short and irregular microvilli (Figure 2(C) ). Following treatment with M cell differentiated medium, the microvilli disappeared from the surface of the BIE cells, took on a smooth appearance coincident with an enhanced ability to incorporate non-and PrP-coated particles. These data indicate that BIE cells are able to differentiate into M cells following stimulation, and that they preferentially transport PrP-coated particles.
We next performed a proteomic analysis of PrP-binding proteins in vesicles of M-BIE cells. After M cell differentiation of BIE cells, non-coated or PrP-coated magnetic particles were added to the surface of M-BIE cells. After 9 h of incubation, the vesicles containing magnetic particles were collected from M-BIE cells using the magnetic stand. The results of the 2-DE show that there is a specific spot identified in PrP-coated particles, indicated by a circle, compared with non-coated particles (Figure 3(A) ). The protein spot was excised and subjected to LC-MS/MS analysis. The identification of the spots that are different between the two runs are presented in Table 1 . We thus identified a glycolytic pathway enzyme, aldolase A, as a specific PrP-binding protein in M-BIE cells. Western blot analysis revealed that BIE cells synthesized aldolase A, and that the total amount of BIE cells increased during M cell differentiation (Figure 3(B) and Figure 3(C) ). , transepithelial electrical resistance (TER) was measured every day by using the Millicell-ERS (A). Non-coated or prion protein-coated particles were added to the apical medium. The basal media were collected after 9 h. M cell differentiated BIE cells (M-BIE) transported PrP-particles to a greater extent than "Non" particles. The transported particles were quantified using a FACScalibur flow cytometer (B). After washing with PBS, BIE cells were fixed with glutaraldehyde and coated with platinum-palladium for SEM (C). Columns with anasterisk ( ** ) indicate a statistically significant difference (p < 0.01). Magnification ×12,000. Bars = 1 µm. After M celldifferentiation of BIE cells, non-coated or PrP-coated magnetic particles were added to the apical medium. After 9 h, the vesicles containing magnetic particles were collected from M-BIE cells using a magnetic stand and then subjected to two-dimensional electrophoresis (A). Proteins in the gels were stained with a silver stain. The spot identified with a circle was the PrP-coated particles present at a much greater extent compared with the non-coated particles. The specific spot was excised and subjected to LC-MS/MS analysis, and this was identified aldolase A. The resulting identifications are summarized in Table 1 . The expression levels of aldolase A in BIE and M-BIE cells were analyzed at a band of approximately 39 kDa by Western blot analysis (B). The band intensities of aldolase A (n = 6) were normalized with GAPDH and are presented as means ± SD by densitometric analysis (C). The asterisk ( * ) indicates a statistically significant difference (p < 0.05).
In order to confirm the binding between aldolase A and PrP, we performed a far-Western blot analysis. Aldolase A of BNP cells were detected in 39 kDa using goat anti-aldolase A antibody (ALD-Ab) (Figure 4(A)-a) . When the membranes were pre-treated with rbPrP, the binding of rbPrP to aldolase A was clearly stained with anti-His-probe antibody at 39 kDa, the same position of aldolase A (Figure 4(A)-b and Figure 4(A)-e) , but not in the membrane without pre-treatment of rbPrP (Figure 4(A)-d) . The binding of rbPrP to aldolase A was clearly inhibited by the pre-treatment of an anti-aldolase A antibody in the far-Western blot analysis (Figure  4(A)-c) . We next investigated whether rbPrP could interact with aldolase A using immunoprecipitation by goat anti-aldolase A antibody or control goat IgG. When goat anti-aldolase A was used as a 1st antibody, the immunoreactive line was detected at 39 kDa by anti-aldolase A antibody and at 26 kDa by anti-PrP 6H4 antibody, but not at using control goat IgG as a 1st antibody (Figure 4(B)-a-d) . These results suggest that aldolase A may have the ability to bind to PrP.
We examined whether M cells were able to secrete aldolase A or not. After M cell differentiation, BIE and M-BIE cells on Transwell inserts were incubated for 9 hours, and the apical and basal media were collected. Western blot analysis shows that the production of aldolase A by BIE and M-BIE cells is greater to the apical medium than to the basal medium. As the concentration of aldolase A from M-BIE cells was fourfold greater than that from BIE cells, the secretory ability of aldolase A in BIE cells increased following M cell differentiation (Figure 5(A) ). In addition, we investigated whether the aldolase A secreted from BIE cells bound to PrP or not. ELISA analysis demonstrated that aldolase A secreted from BIE cells and M-BIE cells was able to bind to PrP (Figure 5(B) ). Negative controls without the apical and basal medium were devoid of the protein (data not shown).
We next investigated whether aldolase A was concerned with the transcytosis of PrP in M cells. After the addition of non-or PrP-coated particles, M-BIE cells incorporated a large number of each particle into their cytosol during a 9 h incubation (Figure 6(D) and Figure 6(E) ), but BIE cells incorporated few (Figure 6(A) and Figure 6(B) ). Aldolase A was located in the apical part of the BIE and M-BIE cells, and expressed to a greater extent in M-BIE cells than in BIE cells (Figure 6(A), Figure 6(B), Figure 6 (D) and Figure 6(E) ). The X-Z section shows the incorporated particles around and under the nuclei of M-BIE cells, and the co-existence of aldolase A and particles in the transporting vesicles in M-BIE cells (Figure 6(C) and Figure 6(D) ). In addition, the number of incorporated particles in M-BIE cells was larger when non-coated particles were used than when PrPcoated particles were used. It is possibly for this reason why M-BIE cells incorporated PrP-coated particles and transported them to the basal medium to a greater extent than BIE cells. PrP Sc of N2aC24L1-3 cells were added onto BIE and M-BIE cells, and incubated for 9 h. The incorporated PrP Sc was co-stained with aldolase A in M-BIE cells, but not stained in BIE cells (Figure 6 (C) and Figure 6(F) ). These results suggest that aldolase A may have the ability to bind to PrP Sc in cellular vesicles. We investigated the effect of aldolase A on the transcytosis of M cells (Figure 7(A) ). Briefly, BIE or M-BIE cells were pre-treated with or without goat anti-aldolase A antibody or negative control of goat IgG for 2 hours. Non-or PrP-coated particles were added onto them. After 9 hours, the total number of transported particles in M-BIE cells was significantly greater than that in BIE cells. In addition, M-BIE cells incorporated PrP-coated particles to a greater extent than non-coated particles. However, the pre-treatment of anti-aldolase A antibody clearly inhibited the transportation of PrP-particles by M-BIE, but did not affect the transcytosis of non-coated particles by M-BIE cells. The confocal laser microscopic images clearly show that the pre-treatment of anti-aldolase A severely decreases the incorporation of PrP-particles by M-BIE cells, but not that of non-coated particles (Figure 7(B) ). These results suggest that aldolase A may play an important role in the incorporation of prion proteins by intestinal M cells.
In the villous epithelium, aldolase A was detected on the surface of the epithelium facing the lumen and in the mucus droplet of goblet cells in duodenum, jejunum, ileum and colon (Figures 8(A)-(D) ). Lamp-1, a late endosomal maker [26] , was sometimes co-localized with aldolase A in the late endosome near by the mucous droplet of goblet cells (Figure 8(E) ). Additionally, as MUC2 is known as a mucous marker of goblet cells [36] , it was co-stained with aldolase A on the surface of epithelium and in the mucous droplet of goblet cells (Figure 8(F) ). These data indicate that aldolase A in the villi is produced and secreted by goblet cells. In the follicle associated epithelium (FAE) of bovine jejunal and ileal Peyer's patches, aldolase A was localized on the surface and apical part of the microfold (M) cells along with CK 18, known as a bovine M cell marker [37] (Figure 9) , as same as (Figures 10(A)-(C) ). In addition, there were a lot of large vesicles containing aldolase A in M cells, including transport vesicles for transcytosis (Figure 10(C) ). In absorptive epitheliocytes, aldolase A was often detected in microvilli clearly, but in small granule vesicles it was hardly detected (Figures  10(D)-(F) ). Furthermore, aldolase A was stained in the microvilli, mucus droplet and small granule vesicles of goblet cells (Figures 10(G)-(I) ). These results were similar to the immunostaining (Figure 9 (E) and Figure  9(F) ). These results revealed that bovine M cells and goblet cells synthesized aldolase A and secreted it to the microvilli of the intestinal tract.
Discussion
For oral transmission, PrP Sc first must cross the intestinal epithelium to successfully infect the body. We previously reported that orally delivered PrP Sc was incorporated by M cells in FAE of Peyer's patches [25] , and that M cell-differentiated BIE cells (M-BIE cells) were able to transcytosePrP Sc in our in vitro model [29] . However, the exact mechanisms for intestinal invasion of PrP Sc still are unknown. In this research, aldolase A was identified as a PrP-binding protein in the vesicles of M-BIE cells following proteomic analysis. Aldolase A, a glycolytic pathway enzyme, cleaves fructose-1,6-bisphosphate to dihydroxyacetone phosphate and glyceraldehyde-3-phosphate, which are then degraded to pyruvate by the classical enzymes of the Embden-Meyerhof pathway [38] . Aldolase exists primarily as three isozymes: aldolase A, B and C, which are predominantly expressed in muscle, liver and brain, respectively [39] [40] . Aldolase is known to be secreted into the blood from each of these organs, following metabolic disorders and cellular damage from hepatitis and inflammatory bowel disease, etc. [41] - [43] . We reveal in this report that aldolase A was secreted from M cells in the bovine intestine.
Aldolase A in the FAE of the Peyer's patch was specifically stained in both the microfold and apical part of M cells, but not stained in CK-18-negative cells. The amount of aldolase A was greater in M cells following differentiation than in the undifferentiated BIE cells. We previously reported that a specific marker for bovine M cells was an intermediate filament protein CK18 [37] . The lack of alkaline phosphatase activity on M cells has also been used to identify this cell type in some species [44] . Glycoprotein 2 was not only highly expressed on the surface of M cells but was also concerned with the selective invasion of FimH + bacteria by M cells [45] Although there are few studies with regard to enzymes expressed in intestinal M cells, sphingosine-1-phosphate lyase is expressed in FAE of C57BL/6 mice [46] . However, Caco-2 cells, a human intestinal epithelium cell line, has the ability to differentiate into M cells and express aldolase A [47] [48] . Accordingly, aldolase A may be a potential new specific marker of bovine intestinal M cells in the FAE. We show that a large amount of aldolase A is detected in the micro villi of the small intestine, and this was shown to be secreted from goblet cells. A recent study reported that goblet cells delivered luminal antigen to CD103+ DCs in the small intestine, and that the preferential delivery of antigens to DCs with tolerogenic properties implies a key role for this goblet cells function in intestinal immune homeostasis [49] . In addition, Mycobacterium avium complex binds to intestinal mucus aldolase B, conceivably facilitating intestinal colonization of the organism [50] . Intestinal aldolase A may affect the intestinal barrier and have a potential important role in gut immunity.
We have demonstrated using far-western blot analysis, ELISA and immunoprecipitation, that aldolase A has the ability to bind to PrP. Many studies have identified PrP-interacting and -binding partners, such as Cu 2+ , Ni 2+ , glycosaminoglycans, DNA, RNA, a number of signaling proteins, histone H3, and thiamine etc. [51] - [54] . In addition to classical function in glycolysis, aldolase has been implicated in insulin-dependent glucose transport mediated by GLUT4, and appears to be a major calmodulin-dependent protein kinase phosphatase-binding protein in the brain [55] [56] . These studies indicated that PrP and aldolase have a potential ability of binding to many substances. In a previous study, far-western blot analysis confirmed that aldolase C is able to bind to PrP Sc [57] . Recent reports show that Purkinje cells with neurotoxic prion-like protein Doppel specifically express aldolase [58] . Moreover, Aldolase A is highly expressed in the cerebrospinal fluid of sporadic CJD patients and the cerebellum of scrapie-infected mice [59] [60] . In this study, PrP-particles and PrP Sc were co-stained with aldolase A in the vesicles of M-BIE cells. Furthermore, immunoelectron microscopy revealed that aldolase A was localized in transport vesicles in bovine intestinal M cells. Unlike enterocytes, M cells are adept at transcytosing materials from their apical surface to the basolateral membrane. These data suggest that transcytosis may be a receptor-mediated process performed by the M cells using aldolase A.
In conclusion, we have identified aldolase A as a PrP-binding protein in the vesicles of M cells. Far-Western blot, immunoprecipitation and ELISA analysis revealed the specific binding ability of aldolase A to PrP. Aldolase A was localized at the epithelia of the mucus droplet of goblet cells and M cells of FAE of in bovine Peyer's patches. Aldolase A may therefore be an intestinal M cell marker in the FAE. Further, aldolase A was abundantly synthesized and secreted in M cells. These results suggest that aldolase A-positive M cells in Peyer's patches may actively transcytosePrP Sc into the basolateral side of the epithelium and can play a key role in promoting intestinal immune homeostasis by delivering a luminal antigen. This study contributes to the understanding of the function of M cells and the invasion mechanisms of BSE agents by bovine intestinal epithelial cells. After the text edit has been completed, the paper is ready for the template. Duplicate the template file by using the Save As command, and use the naming convention prescribed by your journal for the name of your paper. In this newly created file, highlight all of the contents and import your prepared text file. You are now ready to style your paper.
